man. HSP70.1 and -70.3 are required for late-phase protection induced by ischemic preconditioning of mouse hearts.
heat shock proteins; knockout mice; reperfusion injury ISCHEMIC PRECONDITIONING (IP) of the myocardium is a phenomenon whereby brief repetitive periods of transient interruption of coronary blood flow substantially protects the heart against subsequent prolonged ischemia (24) . Adaptation of the heart to ischemia following IP is a biphasic phenomenon. There is an early phase of protection that develops within minutes from the initial ischemic insult and lasts 2-3 h, and a late (or delayed) phase that is acquired 24 h later and lasts 3-4 days (reviewed in Ref. 2) . In contrast to the early phase of protection, which is effective against myocardial cell death, the second window of protection is effective against both myocardial cell death and myocardial stunning (38) . The enhanced resistance to infarction and myocardial stunning afforded by IP and the lasting nature of the response have generated considerable interest in this phenomenon as a potential therapeutic adjunct in the treatment of ischemic heart disease in humans.
It is established that de novo protein synthesis is required for the late phase of IP (34) , although the proteins that mediate this cellular resistance to ischemia have not been completely identified. Because increased expression of heat shock proteins (HSPs) in the myocardium increases resistance to ischemia, HSPs are potential mediators of the late phase of IP.
HSPs are highly conserved in eukaryotes (reviewed in Ref. 19) , and they are induced by several environmental and intracellular stresses in addition to heat (e.g., cold, exposure to reactive oxygen intermediates, ATP depletion, hyper-or hyposmolarity, and exposure to various toxic substances). Thus HSPs are now generally referred to "stress proteins," and the heat shock response is commonly referred to as the stress response. Stress proteins are named according to their molecular mass (in kDa; e.g., HSP27, HSP60, HSP70, HSP90). In the heart, HSP70 is the primary stress protein responsive to oxidative stress. In mice, the HSP70 family is composed of constitutively expressed (or cognate) proteins designated HSC70 (9) and highly inducible members that are expressed in response to diverse cellular stresses designated HSP70.1 and HSP70.3 (13, 35) . HSP synthesis is transcriptionally regulated by a family of transcription factors called heat shock factors (HSFs). Four HSFs have been identified: HSF1, HSF2, HSF3, and HSF4 (25, 26, 33, 36) ; of these, HSF1 is the most important in the heart. After stress, HSF trimerizes and translocates to the nucleus, where it binds to heat shock element (HSE, a promotor region upstream from the HSP genes) to initiate transcription (23) .
The goal of this study was to determine directly whether inducible HSP70.1 and HSP70.3 are required for the late phase of protection following IP of the myocardium. We show that IP increases HSP70.1 and HSP70.3 expression in the heart and that knockout mice, which bear homozygous null alleles for HSP70.1 and HSP70.3, do not acquire IP-induced late-phase tolerance to ischemia. Our results identify a necessary and causal role for HSP70.1 and HSP70.3 in late cardioprotection against infarction following IP. A full description of the generation of these mice is being prepared in a separate article. Briefly, the HSP70.1 and HSP70.3 genes were targeted in AB2.2 embryonic stem cells derived from mouse strain 129Sv/Ev (Lexicon Genetics; Woodlands, TX). The targeting vector was transfected by electroporation, and homologous recombination resulted in a 12-kb deletion of both HSP70.1-and HSP70.3-coding regions as well as insertion of a neomycin-resistance gene. The targeted alleles were confirmed by Southern blot hybridization of genomic DNA from the stem cells. A male chimera derived from microinjection of these targeted stem cells into blastocysts from C57BL/6N mice was bred to C57BL/6N females. Agouti coat color for one male offspring indicated germ-line transmission, and heterozygosity for the HSP70.1-and HSP70.3-targeted allele was confirmed by Southern blot. This F1 resulted in a C57/129 hybrid and was bred back to one of his own heterozygous female offspring to generate homozygous nulls. All data for this article were generated from this line of homozygous null mice. Systolic arterial blood pressure (BP) and heart rate (HR) measurements were performed in conscious restrained mice via tail-cuff plethysmography (Narco Biosystems; Ref. 40) . Mice were conditioned twice before measurements were made, and the BP and HR values were recorded as the means Ϯ SE of three separate measurements obtained at each session. HSP70.1-and HSP70.3-null [HSP70.1/3(Ϫ/Ϫ)] mice had a mean systolic BP of 125 Ϯ 2.2 and a mean HR of 502 Ϯ 10.9 (n ϭ 6), which are comparable to published values of baseline systolic BP and HR for C57BL/6 mice (6, 17) .
MATERIALS AND METHODS

Mice
Surgical preparation. Two anesthetic agents were used for this experiment. For survival experiments, 2,2,2-tribromoethanol (Avertin, Aldrich) was administered before preconditioning [17 ml/g ip of 2.5% solution, initially dissolved in tert-amyl alcohol (Aldrich) and brought to volume in sterile normal saline] to allow rapid and consistent emergence from anesthesia due to its favorable pharmacokinetics. For prolonged ischemia-reperfusion (I/R) experiments, pentobarbital sodium (100 mg/kg ip; Abbott Laboratories) injection was used for anesthesia. In all groups, anesthesia was confirmed by lack of foot-withdrawal reflex.
A midline cervical incision was made and the trachea and larynx were exposed after division of the thyroid isthmus and the strap muscles. Orotracheal intubation was performed with a beveled piece of polyethylene-90 tubing visually confirmed to pass through the exposed trachea until the tip was 2 mm below the larynx. Mechanical ventilation (model 687 mouse ventilator, Harvard Apparatus) was begun with an inspired O 2 fraction (FIO 2 ) of 100%, respiratory rate of 85; tidal volume of 0.7 ml, and positive end-expiratory pressure of 3 cm, which was created with a water column connected to the exhaust tube. These ventilator settings were chosen to ensure normal physiological parameters (37) after serial blood gases were obtained in pilot studies. Temperature was monitored via a rectal temperature probe (series 400, YSI) and maintained at 37°C with a heating lamp. A left parasternotomy was performed under the dissecting microscope (Zeiss operating microscope OPMI 6-SDFC) through careful division of three ribs in a cephalocaudal direction parallel to the sternum. The pericardium was reflected thereby exposing the heart. A 7-0 silk suture (US Surgical) on an He-7 needle was passed behind the left anterior descending (LAD) artery just below the left atrial appendage. A Rumel-type snare was created by passing both ends of the suture through the tip of a 22-gauge angiocatheter that could then be tightened and released by sliding a Voss clip down on the angiocatheter for ischemia and reperfusion, respectively. Occlusion-causing ischemia was visually confirmed by blanching of the left ventricle (LV) and subsequent hyperemia with release of the snare. After the experimental protocol was completed, the chest was closed in three layers. The mice were awakened, removed from the ventilator, kept warm with heating blankets, and given 100% FI O 2 via nasal cone. Buprenex (Reckitt and Coleman Pharmaceuticals) was given postoperatively for pain control (1 mg/kg ip every 12 h) until the second phase of the experiment.
Experimental protocols. Seventy-eight mice were allocated to six groups, which are schematically represented in Fig. 1 . The control group was subjected to 30 min of ischemia followed by 3 h of reperfusion. Mice in the sham wild-type group underwent thoracotomy identical to the ischemically preconditioned group without occlusion of the LAD, which was followed 24 h later by I/R. Mice in the preconditioned wildtype group (IP) were preconditioned with three cycles of 5 min of ischemia and 5 min of reperfusion followed 24 h later by I/R. HSP70.1/3(Ϫ/Ϫ) mice were used for the remaining groups. Control HSP70.1/3(Ϫ/Ϫ) mice were subjected to 30 min of ischemia and 3 h of reperfusion (I/R). Ischemic preconditioning of HSP70.1/3(Ϫ/Ϫ) mice was carried out with an identical IP regimen of three cycles of 5 min of ischemia and 5 min of reperfusion followed 24 h later by I/R. To analyze the effects of the genetic deletion of HSP70.1 and HSP70.3 on the classic early phase of protection, HSP70.1/3(Ϫ/Ϫ) mice were subjected to three cycles of alternating 5 min of ischemia and 5 min of reperfusion followed 10 min later by I/R.
Of the 78 mice allocated to the experimental groups, 5 were excluded to yield an overall survival of 94%. Four mice (4 of 20) were excluded from the "WT late IP" group due to presumed respiratory failure after extubation. One mouse (1 of 6) died in the "HSP KO acute IP" group from apparent right-heart failure during reperfusion.
Determination of area at risk and infarction. At the completion of the experimental protocol, the aortic root was dissected free from the surrounding fatty tissue to enable cannulation. The LAD artery was then reoccluded, and 4% Evans blue dye was injected into the aortic root to delineate the area at risk (AAR, blue-dye negative), which is the area of myocardium supplied by the LAD artery. The heart was then explanted, rinsed in 0.9% normal saline, and placed in 1% agarose gel (UltraPure agarose, Life Technologies) in PBS (pH 7.4). After the gel solidified, the heart was sectioned parallel to the atrioventricular groove in ϳ1-mm sections. The sections were incubated at 37°C in 1% triphenyltetrazolium chloride (Sigma) in PBS solution (pH 7.4) for 10 min and then placed in 10% neutral buffered formaldehyde for 24 h. After incubation in triphenyltetrazolium chloride, viable myocardium stains brick red while nonviable (i.e., infarcted) myocardium remains pale (8) . After 24 h, the sections were weighed, and each face of every section was photographed with a digital camera (Nikon Coolpix 950) through the Zeiss operating microscope at a constant magnification (approximately ϫ17), and the images were transferred to a computer. The areas (AAR, infarct, and LV) on each face of each section were traced three times and calculated by computer planimetry (Image J version 1.21), and the average value was recorded. These areas were calculated in a blinded fashion by an observer who was unaware of the experimental groups. Infarct volumes were calculated as [(
where A is the area of infarct for the slice denoted by the subscript, and W is the weight of the respective section. Areas were then expressed as a percentage of the LV or the AAR.
Preparation of nuclear and cytosolic proteins. Nuclear and cytosolic extracts were prepared from murine heart tissue, snap frozen in liquid N 2, and maintained at Ϫ70°C before use. Tissue was finely ground using a mortar and pestle and was homogenized by 10 strokes of a glass homogenizer in 50% (wt/vol) ice-cold buffer [10 mM HEPES, pH 7.9, that contained 150 mM NaCl, 1 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM PMSF, and 0.6% (vol/vol) Nonidet P-40]. Cytosolic protein was separated from the nuclear pellet in a microcentrifuge at 14,000 rpm for 10 min at 4°C. The nuclear extract was prepared by lysis of the nuclear pellet in high-salt buffer (20 mM HEPES, pH 7.9, that contained 420 mM NaCl, 1.5 mM MgCl 2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM PMSF, 2 mM benzamadine, and 5 g/ml pepstatin A, aprotinin, and leupeptin) followed by centrifugation at 14,000 rpm for 10 min at 4°C. Cytosolic and nuclear fractions were stored at Ϫ70°C.
Protein concentrations in the murine heart tissue cytosolic fraction (for Western blot analysis) were determined by the bicinchonic acid method (Pierce; Rockford, IL). Bovine serum albumin was used as the standard.
RT-PCR. RNA transcripts for HSP70.1 and HSP70.3 were assessed 2.5 h after IP or sham IP in wild-type or HSP70.1/ 3(Ϫ/Ϫ) mice. Hearts were rapidly explanted and the LV was dissected, rinsed with 0.9% normal saline, snap frozen in liquid N 2, and stored at Ϫ70°C until subsequent analysis.
RNA was isolated from murine LV using TRIzol reagent (Life Technologies; Gaithersburg, MD) and quantitated by absorption at 260 nm. Expression of mRNA was determined by RT-PCR using primers specific for murine HSP70.1 and HSP70.3 (7). The HSP70.1 amplicon was 285 bp, and the HSP70.3 amplicon was 220 bp. QuantumRNA Classic II18S internal standards (Ambion; Austin, TX) were used to standardize RNA loading differences, which allowed precise quantification of mRNA. Reverse transcription was performed using the SuperScript First-Strand Synthesis System (Life Technologies) with 2 g of total RNA per cDNA synthesis reaction. The PCR amplification reaction contained 10 mM Tris ⅐ HCl (pH 8.4), 1.5 mM MgCl 2, 50 mM KCl, 0.4 M of each primer, 0.2 mM of each deoxynucleotide 5Ј-triphosphate, 2 l of cDNA template, and 2.5 U of Taq polymerase (Boehringer Mannheim Biochemicals; Indianapolis, IN). RT-PCR products were electrophoresed on a 2% agarose gel and detected with silver staining. For quantification of band intensity, the optical density of the autoradiograms was determined and normalized to the 18s RNA internal control.
Western immunoblotting analysis. To determine the effects of ischemic (IP) or sham preconditioning on HSP70 myocardial protein content, hearts were explanted immediately following anesthesia (negative control) or 24 h following IP or sham IP. After rapid explantation, the LV was dissected free, rinsed in 0.9% normal saline, snap frozen in liquid N 2, and stored at Ϫ70°C until subsequent analysis. Cytosolic extracts (20 g) were separated by SDS-PAGE. The proteins were then transferred (180 mA) to a Hybond-P membrane (Amersham Pharmacia Biotech; Buckinghamshire, UK) for 2 h at 4°C in 25 mM Tris buffer that contained 190 mM glycine and 20% methanol. The membrane was incubated for 1 h at room temperature in bovine lacto transfer technique optimizer [BLOTTO: 20 mM Tris ⅐ HCl, pH 7.6, that contained 137 mM NaCl, 0.1% Tween 20, and 5% (wt/vol) Carnation powdered milk], followed by incubation overnight at 4°C with primary antibody that cross-reacts with mouse HSP70 [rabbit antihuman HSP70 (HSP72) polyclonal antibody, 1:20,000 dilu- Fig. 1 . Schematic of experimental groups, ischemic preconditioning (IP) protocol, and regional ischemia-reperfusion (I/R) injury protocol. IP was carried out with three cycles of 5 min of ischemia followed by 5 min of reperfusion. Delayed "nonclassical" protection from myocardial tissue injury induced by I/R injury was assessed at 24 h after completion of IP. Early or "classical" protection from I/R injury was assessed at 10 min after completion of IP. Sham-treated animals underwent thoracotomy for 30 min without IP. HSP70.1/3(Ϫ/Ϫ), heat shock protein (HSP)70.1-and HSP70.3-null mice; I, ischemia; R, reperfusion. tion in buffer; StressGen; Victoria, BC, Canada]. The nonbinding primary antibody was washed out, and the membrane was incubated with secondary antibody (anti-rabbit IgG-horseradish peroxidase; Santa Cruz Biotechnology; Santa Cruz, CA) for 1 h at 4°C. HSP70 was detected by autoradiography using SuperSignal West Pico Substrate (Pierce) for chemiluminescent detection of horseradish peroxidase.
Statistical analysis. Data are reported as means Ϯ SE. Comparisons between groups were analyzed using a one-way ANOVA. If the ANOVA showed an overall difference, post hoc contrasts were performed with Student's t-tests for unpaired data. Statistical differences were considered significant for P values Ͻ0.05.
RESULTS
Expression of HSP70.1 and HSP70.3 mRNA.
To determine the effects of ischemic preconditioning on changes in steady-state levels for HSP70 mRNA, the accumulations of myocardial HSP70.1-and HSP70.3-specific transcripts were assessed by relative RT-PCR 2.5 h after mice were treated by IP. As shown in Fig.  2A , sham preconditioning, which exposed the animals to the stress of the thoracotomy but not the stress of coronary artery occlusion, did not induce accumulation of HSP70.1 mRNA. However, IP of wild-type mice resulted in the appearance of HSP70.1 mRNA at 2.5 h after completion of the IP regimen. IP induced a 2.3-fold rise in steady-state levels of HSP70.1 mRNA (P Ͻ 0.0005 compared with other groups). Predictably, IP of HSP70.1/3(Ϫ/Ϫ) mice did not induce detectable HSP70.1 mRNA levels, which is consistent with the presence of a null allele at this genetic locus. A similar and more robust response was observed in HSP70.3 mRNA induction by IP (Fig. 2B) . Compared with sham preconditioning, which did not lead to accumulation of transcripts of HSP70.3, IP of wild-type mice significantly increased steady-state levels of HSP70.3 mRNA and resulted in a 3.6-fold increase above undetectable levels in sham preconditioned mice or unconditioned wild-type mice (P Ͻ 0.003 compared with other groups). IP of HSP70.1/3(Ϫ/Ϫ) mice failed to induce HSP70.3 mRNA accumulation, which is also consistent with the presence of a null allele at this genetic locus.
Expression of HSP70 protein in cytoplasm. To determine the effects of IP or sham IP on myocardial HSP70 protein content, HSP70 protein expression was examined at 24 h after preconditioning by Western blotting of cytosolic proteins (Fig. 3, A and B) as outlined in MATERIALS AND METHODS. Consistent with increases in steady-state levels of HSP70 mRNA, IP of wild-type mice significantly increased HSP70 protein expression compared with sham preconditioned wild-type mice that underwent thoracotomy alone (2.7 Ϯ 0.4-fold increase in IP-treated mice vs. 1.3 Ϯ 0.4-fold increase in sham preconditioned wild-type mice; P Ͻ 0.03). As expected, IP treatment of HSP70.1/3(Ϫ/Ϫ) mice did not produce a change in myocardial HSP70 protein content.
AAR and infarct-size determination. In all groups, the AAR comprised 45-53% of the LV (Fig. 4A) and was not statistically different between groups. Treatment of wild-type mice with IP 24 h before I/R significantly reduced infarction size by 43% (expressed as a percentage of AAR) compared with sham preconditioned wild-type mice (17.7 Ϯ 1.8 for wild-type IP vs. 31.1 Ϯ 5.0% for wild-type sham mice; P Ͻ 0.03; Fig. 4B , solid bars). Notably, thoracotomy alone in wild-type mice without IP (sham IP-treated mice) did not effect subsequent infarct size after 30 min of ischemia and 3 h of reperfusion compared with mice subjected only to the 30-min, 3-h I/R injury alone [31.1 Ϯ 5.0 vs. 30.6 Ϯ 3.1%; P ϭ not significant (NS)]. Thus the effect of IP on reduction in infarct size in these experiments was due only to the effects of brief periods of I/R during the preconditioning period and was not due to the surgical stress of thoracotomy.
Deletion of HSP70.1 and HSP70.3 in knockout mice had no effect on infarct size compared with wild-type mice after 30 min of regional ischemia and 3 h of reperfusion (27.4 Ϯ 2.1 vs. 30.6 Ϯ 3.1%; P ϭ NS). In contrast with wild-type mice, however, IP of mice bearing homozygous null alleles for inducible HSP70.1 and HSP70.3 failed to induce late-phase cardioprotection. Infarct size in HSP70.1/3(Ϫ/Ϫ) mice that had undergone IP 24 h before I/R was the same as infarct size in HSP70.1/3(Ϫ/Ϫ) mice subjected to I/R without prior IP (31.0 Ϯ 2.2 vs. 27.4 Ϯ 2.1%; P ϭ NS; Fig. 4B , gray bars).
To determine whether inducible HSP70.1 and HSP70.3 mediated the classic or early phase of cardioprotection produced by IP, HSP70.1/3(Ϫ/Ϫ) mice were subjected to 30 min of ischemia and 3 h of reperfusion 10 min after completing IP. As shown in Fig. 4B (gray bars), the early phase of protection following IP was preserved in HSP70.1/3(Ϫ/Ϫ) mice. IP significantly reduced infarct size (38%) compared with control HSP70.1/3(Ϫ/Ϫ) mice (16.9 Ϯ 1.9 vs. 27.4 Ϯ 2.1%; P Ͻ 0.003) during the early phase, which indicates that targeted deletion of HSP70.1 and HSP70.3 affected only the delayed phase of IP-induced protection.
DISCUSSION
The findings of this study are that IP induces an increase in levels of HSP70.1 and HSP70.3 steadystate mRNA, which is followed by the increased expression of HSP70.1 and HSP70.3 proteins, and that IPinduced expression of HSP70.1 and HSP70.3 is associated with the development of delayed tolerance to tissue injury produced by myocardial I/R. Furthermore, we demonstrate that targeted deletion of the HSP70.1 and HSP70.3 genes in mice abolishes the late infarct-sparing effect of IP; in contrast, the protective effects of early (classic) IP are preserved in the HSP70.1/3(Ϫ/Ϫ) mice. Taken together, our data indicate that inducible HSP70.1 and HSP70.3 are required for acquisition of late but not early protection against myocardial infarction following IP in a mouse model of injury.
Previous observations have suggested that expression of inducible forms of HSP70 protects the myocardium against oxidative stress including I/R injury. For example, transgenic overexpression of HSP70 in the myocardium confers protection against both myocar- dial stunning and infarction following ischemia (14, 21, 28, 30, 42) , whereas pharmacological induction of HSP70 in the myocardium also imparts resistance to ischemia (15, 20, 29, 46) . Furthermore, heat stress induction of HSP70 in the myocardium is associated with the development of "cross tolerance" to subsequent prolonged ischemia (4, 43) . Thus numerous studies substantiate the conclusion that cellular expression of HSP70 can confer protection against I/R injury in the myocardium. Because increased expression of inducible HSP70 mimics the cardioprotective effects of IP, these studies also suggest that inducible HSP70 may mediate the late protein synthesis-dependent phase of IP in the heart.
Although IP of the myocardium has been shown to increase the expression of inducible HSP70 in the myocardium and is associated with cardioprotection (4, 16, 22, 27, 44) , no direct evidence has been reported to support the conclusion that HSP70 mediates the late cardioprotection induced by IP. Moreover, two previous studies suggest that expression of inducible HSP70 following IP does not provide protection against ischemia, as assessed by a reduction in infarct size. Using a rat model of myocardial I/R, Qian et al. (32) reported that IP, despite enhancing expression of myocardial HSP72, did not provide late protection against infarction following regional ischemia. Also, Tanaka et al. (39) observed that IP failed to reduce infarction after prolonged ischemia in rabbits despite increased expression of HSP72-73 induced by IP. These discordant results might be explained at least in part by differences in species, preconditioning regimens, or quantitative differences in the cellular expression of inducible HSP70. Furthermore, in both of these experiments, the IP regimens that were used failed to produce delayed protection against infarction. Therefore, whether inducible HSP70 is required for delayed IP-induced protection cannot be assessed in these two studies.
The mechanism by which HSP70 provides cellular protection against oxidative, infectious, thermal, and other stresses in the myocardium has been reviewed in detail (1) . HSP70 in the myocardium primarily functions as a molecular chaperone by facilitating the folding, assembly, and disassembly of other proteins. Because protein folding is a requisite of final protein structure and thus function, chaperones play a critical role in cellular homeostasis under physiological conditions and during cellular stress. The specific cellular functions of chaperones include solubilization of denatured protein aggregates, facilitation of the restoration of the function of renatured proteins, active disassembly of clathrin-coated vesicles, facilitation of intracellular trafficking of polypeptide chains across organelle membranes, and transportation of irreversibly damaged proteins to degradative organelles and proteasomes.
Little is known about the mechanisms by which the HSPs protect the myocardium against oxidative stress, although, given the diverse functions of HSPs, protection of cardiomyocytes may result from several mechanisms as outlined above. Alternatively, a recent study with confocal microscopy demonstrated that heat shock-induced stress-protein expression in rat heart increases HSP70 expression in microvascular blood vessels and not in cardiomyocytes (18) . This study suggests that the cross tolerance to I/R injury after heat shock, mediated by HSP70 expression in the myocardium, may involve alterations in microvascular blood flow during ischemia or following restoration of flow to ischemic areas during reperfusion. However, it is still possible that IP-induced HSP70 expression is localized to cardiomyocytes, and that the tolerance to I/R injury mediated by HSP70 expression in the myocardium after IP is primarily due to intracellular mechanisms in cardiomyocytes mediated by HSP70.
In addition to its general chaperone functions, HSP70 may provide cellular protection against I/R injury through other mechanisms that are specific to oxidative stress. Thus in heat-stressed animal hearts, preservation of myocardial mitochondrial structure (3) and function (31, 45) and conservation of levels of ATP and creatine phosphate have been observed following I/R injury (45) . These improvements in energy metabolism with heat shock treatment of hearts before I/R are associated with enhanced recovery in myocardial performance and reduced I/R injury. Also, a decrease in the duration of cardiomyocyte action potentials secondary to an increase in activity of ATP-sensitive potassium channels (12, 27) and diminished accumulation of intracellular Ca 2ϩ (45) with resulting reduced Ca 2ϩ sensitivity (22) have been reported to be induced by heat stress and to limit I/R injury. We have used a mouse model of in vivo open-chest ischemic preconditioning and I/R to study the molecular mediators of protection. Although it was suggested that open-chest models requiring thoracotomy may induce sufficient stress to confound results (41), our data do not support this with respect to infarction. Sham preconditioned animals subjected only to general anesthesia and a paramedian sternotomy were not protected against infarction. Moreover, sham IP had no effect on HSP70.1 and HSP70.3 mRNA or protein expression but did increase HSF activation in the nucleus compared with negative controls (unpublished observation), an event that has been shown to be insufficient to result in HSP70 translation (5) . These data suggest that in an open-chest mouse model, sham operation may induce a minor stress that initiates cell signaling pathways but is insufficient to induce de novo HSP70.1 or HSP70.3 transcription or translation.
In conclusion, we have directly demonstrated a causal role for inducible HSP70.1 and HSP70.3 in the late phase of protection against infarction following IP in a mouse model of in vivo injury. These data provide additional evidence that the mechanism of late protection following IP is a complex phenomenon that involves numerous critical proteins (10, 11) including inducible HSP70.1 and HSP70.3.
